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INTRODUCTION 

Af te r  almost two decades of i n a c t i v i t y  t h e  f i e l d  of i n - s i tu  c o a l  g a s i f i c a t i o n  
has  experienced a r ecen t  rena issance .  There is a t  least one cu r ren t  i n d u s t r i a l  
p r o j e c t ,  t h a t  of Texas U t i l i t i e s  Generating Co. i n  Texas l i g n i t e .  They are us ing  
t h e  very  ex tens ive  Sovie t  technology t o  develop in-s i tu  c o a l  g a s i f i c a t i o n  t o  produce 
low Btu gas f o r  e l e c t r i c a l  power genera t ion .  Three ERDA-sponsored p r o j e c t s  are i n  
t h e  f i e l d ,  t e s t i n g  d i f f e r e n t  modes of developing permeable pa ths  i n  c o a l  beds. The 
Laramie Energy Research Center i s  developing r e v e r s e  combustion techniques  t o  l i n k  
v e r t i c a l  wel lbores ;  t h e  Lawrence Livermore Laboratory is developing explos ive  
f r a c t u r i n g  t o  c r e a t e  an  underground packed bed; and t h e  Morgantown Energy Research 
Center i s  developing d i r e c t i o n a l  d r i l l i n g  techniques  t o  e s t a b l i s h  l i nk ing .  

Sandia Labora tor ies  are developing advanced ins t rumenta t ion  techniques  f o r  
monitoring in - s i tu  c o a l  g a s i f i c a t i o n  and are coopera t ing  wi th  t h e  Laramie Energy 
Research Center i n  t h e i r  underground c o a l  g a s i f i c a t i o n  experiments near Hanna, 
Wyoming. The Alber ta  Research Council is f i e l d i n g  a p r o j e c t  near  Edmonton, Alber ta .  
Texas A & M Univers i ty  i s  f i e l d i n g  an experiment near  College S t a t i o n ,  The 
Un ive r s i ty  of Texas is  performing ex tens ive  systems s t u d i e s  on c o a l  g a s i f i c a t i o n  
i n  Texas l i g n i t e ,  whi le  o the r  i n - s i tu  c o a l  p r o j e c t s  a r e  underway a t  t h e  U n i v e r s i t i e s  
of Wyoming, New Mexico, Alabama, Kentucky, West Vi rg in i a  and t h e  Pennsylvania S t a t e  
Univers i ty .  I n  add i t ion ,  coal pyro lys i s  and k i n e t i c s  s t u d i e s  are being conducted 
a t  t h e  ERDA Nat iona l  Labora tor ies  a t  Oak Ridge and Argonne. 

The reasons  f o r  t h e  ex tens ive  in - s i tu  c o a l  g a s i f i c a t i o n  programs are 
many-fold. Among them are: (1) t h e  promise of r e l a t i v e l y  low-cost energy from 
i n - s i t u  c o a l  g a s i f i c a t i o n ,  a t  least a s  compared t o  o the r  a l t e r n a t e  f u e l s .  
promise of r e l a t i v e l y  low environmental  impact from these in - s i tu  processes .  
The opening up of new c o a l  r e se rves  f o r  development which may be  uneconomic by 
o t h e r  techniques.  (4) The r a t h e r  r ecen t  d i scovery  t h a t  t h e  Russians developed very  
success fu l ly  in-s i tu  c o a l  g a s i f i c a t i o n  techniques  i n  t h e  l a t e  1950 ' s ,  and app l i ed  
them a t  t h e  demonstration o r  p i l o t  p l an t  l e v e l  (up t o  500 tons  of c o a l  consumed pe r  
day) f o r  up t o  20 years .  

(2) The 
(3) 
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underground coa l  g a s i f i c a t i o n  program at t h e  Lawrence Livermore Laboratory.  Our 
p r o j e c t  o b j e c t i v e  is t o  develop a commercial underground c o a l  g a s i f i c a t i o n  process  
by us ing  explos ives  t o  f r a c t u r e  t h e  coa l  i n  p l ace  t o  create s e l e c t i v e l y  enhanced 
permeabi l i ty .  (1) The r e s u l t a n t  permeable c o a l  would be g a s i f i e d  wi th  steam and 
oxygen and t h e  gases  would be upgraded to  p i p e l i n e  q u a l i t y  i n  s u r f a c e  f a c i l i t i e s .  

Our f i r s t  f i e l d  g a s i f i c a t i o n  experiment, c a l l e d  Hoe Creek i l l ,  was conducted 
i n  two phases: 
permeabi l i ty  measurements and has  been repor ted .  ( l a )  It is b r i e f l y  descr ibed  i n  
t h i s  r epor t ,  but t h e  primary purpose of t h i s  paper is t o  desc r ibe  phase 1 2  of t h e  
experiment,  which included d e t a i l e d  ' f r a c t u r i n g  and permeabi l i ty  measurements 
followed by in - s i tu  g a s i f i c a t i o n .  

I n  t h i s  r epor t  we summarize a r ecen t  f i e l d  experiment i n  t h e  ERDA-sponsored 

phase I1 included site c h a r a c t e r i z a t i o n ,  f r a c t u r i n g  and pre l iminary  

This work was performed under t h e  auspices  of t h e  U.S. Energy Research and 
Development Agency. 
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Phase 111: S i t e  Charac t e r i za t ion  and F r a c t u r i n g  

One and two-dimensional computer codes,  us ing  compressive shear  f a i l u r e  a s  a 
c r i t e r i o n ,  w e r e  used t o  des ign  a m u l t i p l e  exp los ive  f i e l d  f r a c t u r i n g  tes t ,  Hoe 
Creek 111. Extens ive  c o a l  mechanical p r o p e r t i e s  were input t o  the  codes, which were 
normalized w i t h  l abora to ry  f r a c t u r e  experiments and an  e a r l i e r  f i e l d  test  a t  a c o a l  
outcrop us ing  1301 of explos ives .  (2) 

The exper imenta l  Hoe Creek s i t e  is i n  t h e  Powder River Basin, 25 mi l e s  SW of 
Gil le t te ,  Wyoming, i n  t h e  25' t h i c k  subbituminous F e l i x  1 2  c o a l  a t  a depth  of 125 ' .  
The s t r a t i g r a p h y  of t h e  s i t e  w a s  der ived  from cores ,  d r i l l - c u t t i n g  samples, and 
downhole geophys ica l  l ogs  and i s  shown i n  F ig .  1. Table  1 gives  t h e  chemical 
a n a l y s i s  of t h e  F e l i x  112 coa l .  (3) 
experiment which w a s  c a r r i e d  o u t  a t  Hoe Creek on November 5, 1975. 

Experiment 111 w a s  a simple two-spot f r a c t u r i n g  

Table 1. Analys is  o f  coa l  from t h e  F e l i x  No. 2 seam. 

Proximate a n a l y s i s  (%) 
A s  rece ived  Dry b a s i s  

Ultimate a n a l y s i s  (X) 
As rece ived  Dry b a s i s  

Moisture 29.2 - Moisture 29.2 - 
Ash 6.37 9.00 Carbon 47.41 66.96 
V o l a t i l e  31.90 45.06 Hydrogen 3.53 4.99 
Fixed carbon 32.53 45.94 Nitrogen 0 .91  1.28 

100.00 100.00 Chlor ine  0.01 0.02 
Su l fu r  0.62 0.88 

Btu 8156 11522 Ash 6.37 9.00 
Su l fu r  0.62 0.88 Oxygen ( d i f f )  11.95 16.87 

100.00 100.00 

The purpose of t h e  experiment w a s  t o  do a s m a l l  s c a l e  study of explos ive  
f r a c t u r e  and g a s i f i c a t i o n .  
su rv iva l ,  d r i l l i n g  techniques  i n  f r a c t u r e d  c o a l ,  t h e  permeabi l i ty  enhancement 
c rea t ed  by two HE s h o t s ,  gas  flow rates, l i q u i d  plugging, burn over-ride,  e t c .  It 
cons is ted  of two 7501 explos ive  charges  f i r e d  s imul taneous ly  a t  t h e  bottom of the 
c o a l  seam a t  a depth  of  150' .  
t o  enhance t h e  permeabi l i ty  t h e r e  f o r  b e t t e r  l i q u i d  dra inage  and gas  flow. P r io r  
t o  f r a c t u r i n g ,  t h e  s i te geology, hydrology and permeabi l i ty  were c a r e f u l l y  
charac te r ized .  (4) Pos t  f r a c t u r e  c h a r a c t e r i z a t i o n  of t h e  si te,  i n  l a te  1975, using 
hydrology showed t h a t  t h e  coa l  permeabi l i ty  was s t imu la t ed  from . 3  darcy  preshot 
t o  about 2-4 d a r c i e s  pos t sho t .  (5) 

It was designed t o  provide  informat ion  on w e l l  

The exp los ives  were placed a t  t h e  bottom of t h e  seam 

During 1976 we  r e tu rned  t o  t h e  experiment t o  redetermine t h e  f r a c t u r i n g ,  t ake  
co res ,  remeasure t h e  pe rmeab i l i t y  d i s t r i b u t i o n s ,  dewater t h e  coa l ,  measure a i r  
f lows ,  and, f i n a l l y ,  g a s i f y  t h e  coa l .  

Phase #2:  S i t e  P l an  and Ins t rumenta t ion  

The f i n a l ,  a s -bu i l t ,  w e l l  p a t t e r n  f o r  phase #2 i s  shown i n  Fig. 2. Well 1-0 
was s t e e l  cased t o  t h e  top of the F e l i x  No. 2 s e a m  and communicates d i r e c t l y  with 
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t h e  rubb le - f i l l ed  HE cav i ty  below it. 
t h e  bottom 5' of t h e  c o a l  bed. The HE w e l l  w a s  cemented t o  t h e  s u r f a c e  a f t e r  t h e  
shot .  A l l  of t h e  w e l l s  1-1 through 1-8 w e r e  uncased ins t rument  w e l l s .  They 
contained thermocouples and tubes  fo r  water level measurements and gas  sampling, 

Well P-1 w a s  steel cased and cemented wi th in  

The dewatering w e l l s  DW-1 t h ru  DW-6 were steel cased t o  t h e  top  of t h e  c o a l ,  
screened th ru  t h e  c o a l  and had a steel pump s e c t i o n  below t h e  coa l .  These w e l l s  
each contained a 25 gpm capac i ty  water pump i n  t h e  sump sec t ion .  
hydrology tests ind ica t ed  t h a t  c a l c u l a t i n g  t h e  w e l l  d i s t r i b u t i o n  r equ i r ed  t o  
dewater t h i s  very  non-homogeneous zone would b e  very  d i f f i c u l t .  
decided t o  surround the  a n t i c i p a t e d  burn zone wi th  dewatering pumps. The p o s i t i o n s  
of DW-1 and DW-6 were chosen t o  g ive  two d i f f e r e n t  r a d i a l  d i s t a n c e s  from a sho t  
cen te r  f o r  permeabi l i ty  measurements. 

The p re l imina ry  

Therefore ,  we 

I n s t a l l i n g  t h e  instrument packages i n  uncased ho le s  c l o s e  t o  t h e  sho t  p o i n t s  
w a s  accomplished success fu l ly  bu t  not without some d i f f i c u l t y .  Once t h e  d r i l l  
reached t h e  bottom t h i r d  of t h e  Fe l ix  No. 2 seam, wa l l  c o l l a p s e  became a s e r i o u s  
problem. A l l  d r i l l i n g  w a s  done wi th  air  and foam t o  prevent c logging  of t h e  
f r a c t u r e d  coa l  bu t  t h i s  provided no s t a b i l i z a t i o n  f o r  t h e  ho le  w a l l s  i n  t h e  h igh ly  
f r a c t u r e d  coa l .  
i n t o  t h e  ho le  as t h e  instrument package w a s  be ing  lowered. 

Most of t h e  ins t rument  emplacements w e r e  done by f lowing  water 

No unusual problems were encountered dur ing  t h e  cons t ruc t ion  of t h e  dewatering 
w e l l s ,  al though the  d r i l l e r  d id  n o t i c e  t h a t  t h e  major zone of water product ion  
wi th in  t h e  Fe l ix  No. 2 s e a m  w a s  i n  t h e  top  few f e e t  f o r  a l l  t h e  w e l l s  d r i l l e d .  

This program is  descr ibed  i n  more d e t a i l  i n  r e fe rence  6. 

I n  t h e  des ign  of t h e  ins t rumenta t ion  f o r  t h i s  experiment, w e  dec ided  t o  con- 
c e n t r a t e  on t h r e e  major measurement requirements.  They were; a i r  and g a s  flow 
rates, product gas composition and g a s i f i c a t i o n  zone temperature d i s t r i b u t i o n .  

The air  and gas  flow rates were measured w i t h  s tandard  o r i f i c e  p l a t e s  u s ing  
remote readout p re s su re  t ransducers  and thermocouples f o r  t h e  P ,  AP, and T 
measurements. These da t a ,  as w e r e  a l l  o the r s ,  were recorded on s t r i p  c h a r t s  i n  
p a r a l l e l  wi th  a d a t a  logger  t h a t  recorded d i g i t a l l y  on magnetic tape .  

The o r i f i c e  flow meters were rugged and survived f lood ing  wi th  water, t a r s ,  
and c o a l  f i n e s .  Maintenance w a s  inconvenient and messy bu t  i t  w a s  poss ib l e .  

The product gas  composition was measured wi th  two on- l ine  gas  chromatographs 
t h a t  sampled au tomat ica l ly  a t  hourly o r  s h o r t e r  i n t e r v a l s  throughout t h e  experiment.  
The ope ra t ion  was q u i t e  success fu l  wi th  no major problems. 

Two of t h e  ins t rumenta t ion  w e l l s ,  1-1 and 1-2 w e r e  cons t ruc ted  du r ing  t h e  
f i r s t  phase of t h e  experiment. These w e l l s  contained t h r e e  thermocouples each w i t h  
one a t  t h e  top, cen te r  and bottom of t h e  coa l  s e a m .  The o the r  ins t rument  w e l l s ,  
1-3 through 1-8, each contained seven thermocouples d i s t r i b u t e d  as shown i n  Fig.  3. 

Each instrument w e l l  a l s o  contained a s t a i n l e s s  steel tube  used f o r  water 

Severa l  of these  plugged wi th  c o a l  f i n e s  bu t  enough w e r e  
l e v e l  measurement. This  was  accomplished by bubl ing  air through and measuring t h e  
h y d r o s t a t i c  pressure .  
a v a i l a b l e  t o  s a t i s f a c t o r i l y  complete t h e  hydrology measurement program. During t h e  
g a s i f i c a t i o n  period the  bubbler tubes were used as gas  p re s su re  i n d i c a t o r s  and t o  
e x t r a c t  gas  samples from t h e  burn zone. 
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Three w e l l s ,  CB-1, CB-2, and CB-3, had a s t a i n l e s s  steel tube sea l ed  i n  p lace  
f o r  use wi th  a movable thermocouple. Only w e l l  CB-2 ever showed a s u b s t a n t i a l  
t empera ture  r ise and t h a t  on ly  near t h e  end of t h e  g a s i f i c a t i o n  per iod .  

The f ixed  thermocouples were 1f8"  diameter s t a i n l e s s  s teel  sheathed 
chromel-alumel. They were enclosed i n  a s t a i n l e s s  s teel  housing t o  provide 
mechanical p r o t e c t i o n .  The thermocouples a l l  opera ted  s a t i s f a c t o r i l y  u n t i l  t h e  
burn f ron t  a c t u a l l y  reached  t h e  wel l .  Most of t h e  thermocouples t h a t  w e r e  exposed 
to  high temperatures (approximately 1000°C) even tua l ly  burned out .  The f a i l u r e  
i n d i c a t i o n  w a s  a change i n  r e s i s t a n c e  as they  shor ted  ou t  and formed new junc t ion  
p o i n t s .  The time of f a i l u r e  w a s  determined by in spec t ion  of t h e  temperature 
r eco rds  f o r  erratic behavior  o r ,  i n  most ca ses ,  when a l l  thermocouples i n  a w e l l  
i n d i c a t e  t h e  same temperature.  

Coring and Hydrologic Tes t ing  

Examination of c o r e s  taken a f t e r  t h e  b l a s t  showed moderate t o  heavy f r ac tu r ing  
i n  t h e  upper few f e e t  of t h e  c o a l  bed, then  a lesser f r ac tu red  zone i n  t h e  middle, 
and a h ighly  pu lve r i zed  zone a t  t h e  bottom 5-10' of t h e  c o a l  bed. Core from t h e  
ho le s  between t h e  t w o  exp los ive  charges showed t h e  most f r a c t u r i n g  whi le  core  from 
t h e  ho le s  f a r t h e s t  o u t  t h e  l e a s t .  Correspondence of t h e  degree of f r a c t u r i n g  wi th  
one  and two d imens iona l  explos ive  code c a l c u l a t i o n s  i s  bu i ld ing  confidence i n  our 
a b i l i t y  t o  c a l c u l a t e  t h e  ex ten t  of f r a c t u r i n g .  However, a review of flow behavior 
p r e  and pos t  exp los ion  l ed  t o  t h e  conclus ion  t h a t  Permeabi l i ty  i s  not  a simple 
func t ion  of t h e  deg ree  of f r ac tu r ing .  

We found, i n  gene ra l ,  t h a t  pos tshot  w e l l s  completed i n  t h e  lower p a r t  of t he  
c o a l  bed showed t h a t  t h e  c o a l  i n  these  r eg ions  w a s  of lower permeabi l i ty  than 
preshot .  
water  than a preshot  w e l l ,  u n t i l  ex tens ive  c l ean ing  ope ra t ions  f i n a l l y  opened up a 
connection from i t  t o  w e l l  1-5. (6,8) 

Well P-1, when i n i t i a l l y  completed, produced an order  of magnitude less 

Analysis of t h e  drawdown measurements (9)  shows t h r e e  major reg ions  of 
permeabi l i ty ;  a n a t i v e  r eg ion  of 0.3 darcy  permeabi l i ty  a t  r a d i a l  d i s t a n c e s  g rea t e r  
than  50 f e e t ,  a high (10-20 darcy)  inne r  co re  reg ion  wi th in  10 f e e t  of t he  HE we l l s  
and a n  in t e rmed ia t e  enhanced reg ion  (1 /2 t o  3 darcy) .  These va lues  of permeabi l i ty  
r ep resen t s  averages  ove r  t h e  c o a l  th ickness .  

Slug and pu l se  test showed similar p a t t e r n s  but  a l s o  ind ica t ed  a cons iderable  
deg ree  of he t e rogene i ty  i n  t h e s e  th ree  reg ions .  

Our i n t e r p r e t a t i o n  of t h e  hydrology and cor ing  d a t a  is t h e  following. 
f r a c t u r i n g  r e s u l t i n g  from t h e  explos ive  charges enhanced t h e  average permeabi l i ty  
i n  t h e  v i c i n i t y  of t h e  charges ,  when t h e  seamed is  viewed i n  a two dimensional 
a r e a l  perspec t ive .  However, when viewed i n  c r o s s  s e c t i o n  i t  appears  t h a t  a t  c e r t a i n  
v e r t i c a l  l o c a t i o n s  nea r  t h e  explos ive  charges ,  t h e  permeabi l i ty  i s  below preshot  
levels. This  is be l i eved  t o  be a r e s u l t  of plugging by c o a l  f i n e s  produced by the  
i n t e n s e  c lose - in  f r a c t u r i n g .  Consequently a l though t h e  explos ives  were emplaced 
a t  t h e  bottom of the c o a l  bed, much of t h e  permeabi l i ty  enhancement apparent ly  
tended t o  be  nea r  t h e  top  of t h e  seam. 

The 
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Dewatering 

Dewatering r a t e s  were i n  good agreement with es t imates .  (10) Af t e r  a few 
hours of higher flow r a t e s  a r e l a t i v e l y  cons tan t  r a t e  of water withdrawal of 
approximately 10 gpm was observed. 
s u r i z a t i o n  during air flow t e s t s  cu t  t h e  r a t e  t o  near  zero. 

This withdraw1 r a t e  was maintained u n t i l  pres- 

Figure 4 shows the  a c t u a l  water l e v e l s  observed a t  va r ious  observa t ion  po in t s  
i n  t h e  f r ac tu red  coa l .  Water l e v e l s  i nd ica t ed  a t  t h e  right-hand s i d e  of t he  f i g u r e  
were measured 3-5 days a f t e r  start of dewatering. 
were pumped below t h e  coa l  seam bottom. 
f e e t  e a s t  of t he  HE we l l s  and EM-1, 2,  and 3 were 100 f e e t  e a s t .  

Wells DW-1 through 6 and P-1 
Wells EM-4 and EM-5 were approximately 50 

The l o c a l  v a r i a t i o n s  i n  permeabi l i ty  a r e  ev ident  from t h i s  f i g u r e .  The water 
l e v e l  i n  1-5, 1-7, and t h e  HE wel l  dropped t o  wi th in  a few f e e t  of t h e  bottom wi th in  
one hour while t he  l e v e l  i n  &OW, which is only a few f e e t  away from P-1, remained 
w e l l  above the  top of t h e  coa l .  

A i r  Flow Tests 

A i r  flow tests were begun by i n j e c t i n g  air  i n t o  wel l  1-0 a t  about 15 ps ig .  
The p res su re  was gradual ly  r a i s e d  t o  60 ps ig  and t h e  flow allowed t o  s t a b i l i z e .  
No leakage  t o  the  su r face  was observed but p re s su res  of up t o  40 ps ig  were observed 
i n  we l l s  100 f e e t  away. A i r  l o s s e s  t o  t he  underground system were approximately 
40% f o r  t h i s  mode of opera t ion .  

The 1-0 w e l l  was d r i l l e d  and cased t o  t h e  top of t h e  coa l  seam. The rubble  
f i l l e d  explosion cav i ty  extends completely through t h e  coa l .  Thus, w i th  t h e  cav i ty  
dewatered, i n j e c t i n g  air i n t o  1-0 pu t s  high p res su re  on t h e  e n t i r e  c a v i t y  lead ing  
t o  many poss ib le  pa ths  f o r  leakage to  t h e  surroundings.  
sugges ts  t h a t  good communication paths e x i s t  from t h e  1-0 w e l l  t o  DW-6, DW-1 and 
presumably t o  t h e  environmental we l l s  EM-1 through 6. 

The hydrology da ta  

Reversing the  a i r  flow and i n j e c t i n g  i n  wel l  P-1 put h igh  p res su re  a t  t h e  
bottom of the  seam. This reduced t h e  p re s su re  i n  t h e  1-0 wel l  and a l s o  reduced t h e  
a i r  l o s ses .  About 95% of the  in j ec t ed  a i r  was recovered i n  t h i s  mode of opera t ion .  

Because of t h e  l a r g e  air loss found when i n j e c t i n g  i n  1-0 w e  decided t o  
r e v e r s e  our o r i g i n a l  i n t e n t i o n  and g a s i f y  from w e l l  P-1 t o  we l l  1-0. 

Two SF6 t r a c e r  runs were made, one f o r  each flow d i r e c t i o n .  
q u i t e  successfu l  and implied an a c c e s s i b l e  void volume of about 600 f t  . The e tests were 4 

GASIFICATION 

I g n i t i o n  

E l e c t r i c a l  r e s i s t a n c e  hea t ing  (1 Kw) was used t o  i g n i t e  t he  coa l .  Two 
e l e c t r i c  barbeque charcoa l  l i g h t e r s  were s t rapped  toge ther  and lowered down t h e  P-1 
wel l  along wi th  a thermocouple. Severa l  bags of charcoa l  b r i q u e t s  were dumped down 
t h e  w e l l  u n t i l  t he  l i g h t e r s  w e r e  covered. Once a l l  va lves  were p rope r ly  set and 
t h e  a i r  flow turned on, t h e  charcoa l  i g n i t e d  i n  a few minutes,  a s  i nd ica t ed  by t h e  
thermocouple. I g n i t i o n  took p l ace  a t  16:30 on Oct. 15, 1976 (Ju l ian  day 289.7).  
The i n j e c t i o n  and product ion  flow r a t e s  a r e  shown i n  Fig.  5 f o r  t h e  e n t i r e  
experiment. 
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Gas i f i ca t ion  His tory  

A s  mentioned p rev ious ly  a good comunica t ion  pa th  w a s  e s t ab l i shed  through t h e  
bottom pa r t  of t h e  c o a l  seam between w e l l  P-1 and w e l l  1-5, i n  t h e  cen te r  of t h e  
zone as shown i n  Fig. 2. We expected t h a t  t he  burn would progress  a long  t h i s  pa th  
and then  t r a v e l  upward and go a long  t h e  top  of t h e  seam t o  w e l l  1-0. 
seemed t o  be t h e  case.  
dropped from 130 scfm t o  100 scfm dur ing  t h e  f i r s t  two hours a f t e r  i g n i t i o n ,  and 
then the  f low rose s t e a d i l y  f o r  t h e  r e s t  of t he  day. Thermocouples i n  two of t he  
w e l l s ,  1-7 and 1-5 responded wi th in  a hour of i gn i t i on .  Temperature of about 100°C 
were recorded a t  t h e  142 f o o t  l e v e l ,  two-thirds of t h e  way i n t o  t h e  coa l  seam a t  
both  wel l s .  This  s i t u a t i o n  i s  i l l u s t r a t e d  i n  F ig .  6 .  H e r e ,  t h e  thermocouple w e l l s  
and i n j e c t i o n  and product ion  w e l l s  are shown i n  t h e i r  r e l a t i v e  p o s i t i o n s  wi th  the  
top  of t he  coa l  seam ind ica t ed  by a t i c  mark t o  the  l e f t  of t h e  v e r t i c a l  s c a l e .  
(The v e r t i c a l  d i s t a n c e  s c a l e  f a c t o r  i s  t w i c e  t h e  h o r i z o n t a l  scale f a c t o r . )  
I n j e c t i o n  and product ion  flows are ind ica t ed  by arrows where t h e  l eng th  of t he  
arrow is p ropor t iona l  t o  t h e  flow r a t e .  

On t h e  second day of g a s i f i c a t i o n  (day 290) tempera tures  began t o  r i s e  i n  

The 

A t  f i r s t  t h i s  
Operating wi th  an inpu t  p re s su re  of about 60 ps ig ,  t he  flow 

w e l l s  1-1, 1-6, 1-8, and DW-4 as shown i n  F ig .  7. A t  about  290.6 t h e  output  flow 
increased  sha rp ly  t o  1300 scfm and a l a r g e  quan t i ty  of water was  produced. 
i n j e c t i o n  p res su re  w a s  lowered s e v e r a l  t i m e s  t o  con t ro l  t h e  flow. Af t e r  a few 
hours  of con t ro l l ed  product ion  t h e  flow increased  suddenly t o  over 2400 scfm 
accompanied by t h e  emiss ion  of coa l  f i n e s  mixed w i t h  tar. A l l  of t h e  p re s su re  and 
gas  sampling lines w e r e  qu ick ly  plugged as w e l l  as t h e  product ion  f low meter 
o r i f i c e  p l a t e .  The bypass l i n e  around t h e  flow meter s e c t i o n  w a s  opened t o  shunt 
t h e  gas  flow whi le  r e p a i r s  w e r e  be ing  made. 
F ig .  8 c l e a r l y  shows t h e  ove r r ide  a t  t h i s  t i m e .  

The temperature d i s t r i b u t i o n  g iven  i n  

The hea t ing  v a l u e  of t h e  produced gas  is shown i n  Fig.  9 .  The s teady  
The temperature d e c l i n e  i n  t h e  days  fo l lowing  t h e  breakthrough is  evident .  

d i s t r i b u t i o n  on day 291.7 and 292.9 a r e  shown i n  F igs .  10 and 11. The inc rease  i n  
temperature nea r  t h e  top  of t h e  s e a m  i n  w e l l s  1-4, 1-6, and 1-7 is i n d i c a t i v e  of 
t h e  c r e a t i o n  of an o v e r r i d e  pa th  along t h e  top of t h e  c o a l  seam. The d i s t r i b u t i o n  
on day 294.9, Fig.  12 shows t h a t  although t h e  burn i s  predominently near  t h e  top 
of the coa l ,  t h e r e  i s  some i n d i c a t i o n  of burning i n  t h e  bottom ha l f  of t h e  seam 
espec ia l ly  a t  1-1. 

A high flow tes t  w a s  run  on day 295.5 - see Fig .  5 .  However, as can be seen 
i n  Fig.  9 the h e a t i n g  v a l u e  d id  no t  change apprec iab ly  except f o r  a temporary d i p  
a t  t h e  end of the test. No major changes i n  tempera ture  were noted dur ing  t h i s  
test. 

During t h e  h igh  f low test  we  t r i e d  a per iod  o f  water i n j e c t i o n  i n t o  t h e  input  
w e l l ,  P-1. From 1 t o  2 gpm of water w a s  i n j e c t e d  which is almost equal  to the  
n a t u r a l  i n f lux .  No measurable e f f e c t  on any parameter w a s  found. This  is f u r t h e r  
evidence t h a t  the burn  was nea r  t h e  top of t h e  coa l  a t  t h i s  time. 

By day 297, t h e  burn  f r o n t  w a s  c l o s e  enough t o  t h e  product ion  w e l l ,  1-0 so 
t h a t  the  output  gas  tempera ture  had reached 400°C and was s t i l l  climbing. A small  
l e a k  had developed i n  t h e  g rou t  seal around t h e  w e l l  ca s ing  and t h e  va lve  gaske ts  
were being s e r i o u s l y  overhea ted .  An a t tempt  w a s  made t o  cool t h e  gas  by f looding  
w e l l s  DW-1 and DW-6. Although a s l i g h t  dec rease  i n  w e l l  head temperature was noted, 
t h e  main e f f e c t  was t o  i n c r e a s e  t h e  production flow rate  and t o  increase t h e  hea t ing  
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va lue  of t h e  gas  t o  150 Btu /cuf t .  
so t h e  attempt was stopped and t h e  pumps turned back on. 

This  caused t h e  f l a r e  s t a c k  tempera ture  t o  climb 

Reducing the  flow rate by c u t t i n g  t h e  inpu t  p re s su re  helped t o  reduce  t h e  
output  temperature bu t  i t  a l s o  caused a s e r i o u s  d e t e r i o r a t i o n  i n  t h e  hea t ing  va lue  
of t h e  gas.  Raising t h e  p re s su re  d id  no t  r e s t o r e  t h e  hea t ing  va lue  t o  i t s  o r i g i n a l  
po in t  and t h e  d e t e r i o r a t i o n  continued. The compressor w a s  shu t  down and t h e  
g a s i f i c a t i o n  experiment terminated on  day 300. F igure  1 3  shows t h e  temperature 
d i s t r i b u t i o n s  at t h i s  t i m e .  

G a s i f i c a t i o n  Resu l t s  

Gas i f i ca t ion  proceeded f o r  11 days. During t h i s  t i m e  approximately 10 MMSCF 
of a i r  were in j ec t ed  and 19 MMSCF (13.2 MMSCF dry) of gas  were produced. I n i t i a l  
a i r  i n j e c t i o n  p res su re  w a s  approximately 70 p s i a  which f e l l  r a p i d l y  on t h e  second 
day of ope ra t ion  t o  a va lue  of 25-30 ps i a .  Production p res su res  were gene ra l ly  
about 5 p s i  lower. 
r ap id  inc rease  i n  flow conductance of t h e  formation. 

The r ap id  decrease  i n  i n j e c t i o n  p res su re  w a s  a r e s u l t  of the 

The r ap id  change i n  conductance dur ing  t h e  i n i t i a l  po r t ion  of t h e  g a s i f i c a t i o n  
i s  shown i n  F ig .  14. J u s t  a f t e r  i g n i t i o n  t h e  relative conductance f e l l  r a p i d l y  and 
then  recovered t o  approximately 70% of its p r e g a s i f i c a t i o n  l e v e l  and maintained t h i s  
l e v e l  f o r  approximately 1 / 2  a day. A t  t h i s  po in t  t h e  rap id  rise occurred and dur ing  
t h e  course  of most of t h e  g a s i f i c a t i o n  t h e  conductance w a s  50 t o  100 t imes i t s  
pregas i f  i c a t i o n  value.  

Gas l o s e s  dur ing  t h e  g a s i f i c a t i o n  w e r e  only s i g n i f i c a n t  dur ing  t h e  e a r l y  h igh  
p res su re  opera t ions .  F igure  15 shows t h e  i n t e g r a t e d  gas recovery (based on a 
n i t rogen  balance) as a func t ion  of t i m e .  It shows a n  u l t i m a t e  recovery of 93% of 
t h e  i n j e c t e d  n i t rogen .  

The dry gas  composition, a s  measured by gas  chromatograph, f o r  t h e  primary 
. gas  components a r e  shown as a func t ion  of t ime i n  Figs.  1 6  and 17. A h igher  

percentage  of py ro lys i s  gases  were appa ren t ly  p re sen t  dur ing  t h e  f i r s t  two days of 
t h e  test r e s u l t i n g  i n  a h igher  methane concent ra t ion .  
of t h e  tests gas  composition was r e l a t i v e l y  s t a b l e .  This  w a s  followed by a marked 
d e c l i n e  i n  CO, H2. and CH4 l e v e l s  occur r ing  near  t h e  end of t h e  test a s  t h e  
ox ida t ion  zone approached t h e  exhaust w e l l .  No in f luence  on composition can  be  seen 
as a r e s u l t  of t h e  high flow tes t .  However, a d e f i n i t e  change i n  t h e  composition 
is ind ica t ed  dur ing  and a f t e r  t h e  i n j e c t i o n  of t h e  w a t e r  s lug .  This c o n s i s t s  of a 
rap id  rise i n  hydrogen concent ra t ion  followed by a r ap id  d e c l i n e  i n  H2, CO, and CH 

Considerable q u a n t i t i e s  of water were produced from t h e  area i n  the form and 

During t h e  c e n t r a l  po r t ion  

4' 

l i q u i d  and gas dur ing  t h e  g a s i f i c a t i o n  tes t .  
l oca t ed  i n  t h e  DW w e l l s .  Steam w a s  produced from t h e  g a s i f i c a t i o n  product ion  w e l l .  
The steam accounted f o r  30% of t h e  t o t a l  produced gas  volume (see F ig .  1 8 ) .  

Liquid water w a s  produced by pumps 

The burn geometry as deduced from t h e  thermocouple d a t a  and c o a l  consumption 
e s t ima tes  i s  shown i n  F ig .  19a (p lan  view) and Fig .  19b ( e l eva t ion  view). The burn 
s t a r t e d  a t  the  bottom of w e l l  P-1 and was progress ing  h o r i z o n t a l l y  towards w e l l  1-5 
and a l s o  v e r t i c a l l y  toward t h e  top  of t h e  seam. 
mostly along t h e  top of t h e  seam bu t  a l s o  continued a long  t h e  c e n t r a l  l i n e  a t  
lower e l eva t ion  i n  t h e  coa l .  

Af t e r  t h e  blow-out t h e  burn went 
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The t o t a l  energy recovery i n  t h e  form of combustible gas  w a s  65% of t h a t  
a v a i l a b l e  from the  est imated 128 tons  of consumed coa l .  
is shown i n  Fig.  20. Note t h a t  i f  t h e  combustion energy est imated t o  B e  p re sen t  
i n  t h e  produced t a r s  is included as useab le  energy t h e  t o t a l  u s e f u l  energy recovery 
becomes approximately 73%. The underground l o s s e s  of hea t  energy were q u i t e  small. 
The l a r g e s t  energy loss from t h e  system w a s  due t o  t h e  product ion of a considerable  
amount of steam. 

The t o t a l  energy balance 

Conclusions - A .  Explosive F rac tu r ing  

Hoe Creek experiment No. 1 i s  probably one of t h e  most thoroughly diagnosed 
f r a c t u r e  experiments eve r  performed by our  l abora to ry .  
agreement between experiment and our  one and two dimensional codes SOC and TENSOR 
is q u i t e  good i n  p r e d i c t i n g  t h e  deg ree  of f r a c t u r e .  There a r e  s t i l l  some d e t a i l s  
t h a t  a r e  no t  c l e a r .  
s c a l e  asymetries a s  a f u n c t i o n  of azimuth from t h e  s h o t  p o i n t s  a r e  hard t o  
understand i n  what appea r s  t o  be a very homogeneous c o a l  seam. 

We f e e l  t h a t  t h e  gene ra l  

The l aye red  appearance of t h e  f r a c t u r i n g  and t h e  r a t h e r  l a r g e  

Our knowledge of t h e  r e l a t i o n s h i p  of degree of f r a c t u r e  t o  permeabi l i ty  i s  
much less s a t i s f a c t o r y .  In f a c t ,  comparing t h e  r e s u l t s  from t h e  Kemmerer and Hoe 
Creek experiments,  i t  i s  obvious t h a t  t o t a l  f a i l u r e  s t r a i n ,  (shear p lus  t e n s i l e ) ,  
is n o t  a r e l i a b l e  p r e d i c t o r  of permeabi l i ty .  We are looking i n t o  t h e  p o s s i b i l i t y  
t h a t  t e n s i l e  f a i l u r e  (11) may be more d i r e c t l y  r e l a t e d  t o  permeabi l i ty .  

The r e s u l t s  from t h e  Hoe Creek experiment i n d i c a t e  t h a t  s p h e r i c a l  HE sho t s  
placed a t  t h e  bottom o f  t h e  c o a l  seam w i l l  no t  produce a permeabi l i ty  d i s t r i b u t i o n  
t h a t  i s  s u i t a b l e  f o r  g a s i f i c a t i o n .  
a r e  under c o n s i d e r a t i o n  f o r  f u t u r e  experiments.  (12) 

Other geometries and types of  exp los ive  f r a c t u r e  

Conclusions - B. Gas i f i ca t ion  

Forward combustion g a s i f i c a t i o n  was achieved without  any problem of plugging 
of t h e  formation. Af t e r  two days of ope ra t ion ,  f low conduc t iv i ty  was a n  order  of 
magnitude above p re -gas i f i ca t ion  l e v e l s .  However, even be fo re  t h i s  s h o r t  c i r c u i t  
cond i t ion  was  reached, plugging d i d  n o t  seem t o  be  s e r i o u s .  

I n j e c t i n g  a i r  a t  w e l l  1-0 r e s u l t e d  i n  unacceptably high l o s s e s .  
t h e  flow d i r e c t i o n  f o r  g a s i f i c a t i o n  so t h a t  w e l l  1-0 w a s  kept  a s  c l o s e  t o  
atmospheric p re s su re  as p o s s i b l e  reduced t h e  o v e r a l l  loss r a t e  t o  7%. 

Reversing 

The s h o r t  c i r c u i t i n g  of t h e  f low which occurred a f t e r  28 hours of g a s i f i c a t i o n ,  
l imi t ed  t h e  t o t a l  volume of c o a l  g a s i f i e d .  

The gas  composition, gas  hea t ing  v a l u e  and oxygen u t i l i z a t i o n  w e r e  a l l  f a i r l y  
constant  during t h e  cour se  of t h e  burn. Marked change occurred only a t  t h e  end of 
t h e  experiment. 
r a t e .  

G a s  composition was no t  inf luenced by doubling t h e  a i r  i n j e c t i o n  

The t o t a l  water i n f l u x  i n t o  the  g a s i f i c a t i o n  r eg ion  was about 65% of t h e  
p re -gas i f i ca t ion  l e v e l .  About 30% of t h i s  amount entered t h e  h o t  zone. However, 
t h i s  water i n f l u x  d id  no t  appear t o  i n f l u e n c e  t h e  product gas  composition, 
i nd ica t ing  t h a t  it mixed wi th  t h e  hot gas a f t e r  t h e  r e a c t i o n s  were completed. 
However, t h e  i n f l u x  of water i n t o  t h e  system may have l i m i t e d  the amount of c o a l  
recovered by l i m i t i n g  t h e  l a t e r a l  'spreading of t h e  burn zone. 
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Energy recovery i n  the  form of produced products  amounted t o  75% of t h e  energy 
There were  essentially no losses t o  the subsurface formation. i n  the consumed coal. 

The g r e a t e s t  energy loss took the form of  the product ion  of steam. 

“Reference to a company or product 
name does not imply approval or 
recommendation of the product by 
the University of California or the U.S. 
Energy Research & Development 
Administration to the exclusion of 
others that may be suitable.” 

NOTICE 
‘‘This report was prepared as an account o f  work 
sponsored by the United States Government. 
Neither the United States nor the United States 
Energy Research & Development Administration, 
nor any of their employeer, nor any o f  their 
contractors, subcontractors, or their employees, 
makes any warranty, expresr or implied, or 
BISUmeS m y  legal liability or responsibility for the 
accuracy, completeness or usefulness o f  any 
information, apparatus, product or process 
disclosed, or represents that its use would not 
infringe privately-owned rights:’ 

9 



REFERENCES 

G. H. Higgins,  "A New Concept f o r  I n  S i t u  Coal Gas i f i ca t ion , "  Lawrence 
Livermore Laboratory,  Rept. UCRL-51217 (1972). 

D.  R. Stephens,  F. 0. Beave and R. W. H i l l ,  LLL I n  S i t u  Coal Gas i f i ca t ion  
Program, Lawrence Livermore Laboratory,  Rept. UCRL-78308 (1976); a l s o  i n  
Proceedings 2nd Underground Coal Gas i f i ca t ion  Symposium, Morgantown, W. Va., 
August, 1976. 

J. R. Hearst, T. Butkovich, E.  Laine,  R. Lake, D. Leach, J. Ly t l e ,  J. Sherman, 
D.  Snoeberger, R. Quong, "Frac tures  Induced by a Contained Explosion i n  
Kemmerer Coal," Int. J. Rock Mech. Min. S c i .  & Geomech. Abstr .  Vol. 13, 
pp. 37-44, Pergamon Pres s  1976. P r in t ed  i n  Great Br i t i an .  

T. Butkovich, "Cor re l a t ion  Between Measurement and Calcula t ions  of High 
Explosive Induced F rac tu re  i n  a Coal Outcrop," Lawrence Livermore Laboratory,  
R e p t .  UCRL-76984 (1975). 

LLL In S i t u  Coal G a s i f i c a t i o n  Program, Quar te r ly  Progress Report ,  Ju ly  
through September 1975, Lawrence Livermore Laboratory,  Rept. UCRL-50026-75-3 
(1975). 

Randolph Stone, David F. Snoeberger, "Evaluation of t h e  Native Hydraulic 
C h a r a c t e r i s t i c s  o f  t h e  F e l i x  Coal (Eocene, Wasatch Formation) and Associated 
Strata, Hoe Creek S i t e ,  Cambell County, Wyoming, Lawrence Livermore 
Laboratory,  Rept. UCRL-51992. 

LLL In S i t u  Coal G a s i f i c a t i o n  Program, Quar te r ly  Progress Report ,  October 
through December 1975, Lawrence Livermore Laboratory,  Rept. UCRL-50026-75-4 
(1976). 

R. W. H i l l  and C. B. Thorsness,  UCRL (in p repa ra t ion ) .  

LLL In S i t u  Coal G a s i f i c a t i o n  Program, Quar te r ly  Progress Report ,  January 
through March 1976, Lawrence Livermore Laboratory,  Rept. UCRL-50026-75-4 
(1976). 

LLL In S i t u  Coal G a s i f i c a t i o n  Program, Quar te r ly  Progress Report ,  Ju ly  
through September 1976, Lawrence Livermore Laboratory,  Rept. UCRL-50026-76-3 
(1976). 

D. F. Snoeberger, F i e l d  Hydroles, T e s t  of Explos ive ly  Frac tured  Coal, 
Lawrence Livermore Laboratory,  Rept. UCRL-78957 (1977). 

LLL I n  S i t u  G a s i f i c a t i o n  Program, Quar te r ly  Report, Apr i l  through June, 1976, 
Lawrence Livermore Laboratory,  Rept. UCRL-50026-76 (1976). 

T.  R. Butkovich, Ca lcu la t ion  of F rac tu re  and Permeabi l i ty  Enhancement from 
Underground Explosions i n  Coal, Lawrence Livermore Laboratory,  Rept. 
UCRL-7 7945. 

(5) 

T.  R. Butkovich ( i n  prepara t ion)  

10 



0 

10 ' 

E 2 0 .  

.c w a 

O" 30. 

40 . 

50 - 

u 
5 

F e l i x  
LL 0 c3 Sandstone w i t h  some 
r s i l t s t o n e  and c laystone 

% YI -Coal 
V 

- F e l i x  
#2 2 a Si l t s tone -c lays tone  w i t h  

some shale and sandstonp 

- 
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Fig. 2 Hoe Creek Experiment I plan view showing bottom ho le  
loca t ions .  Well 3-OW was sea l ed  off before  g a s i f i c a t i o n .  
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Fig. 5 In j ec t ion  and production flow r a t e s  f o r  t h e  e n t i r e  g a s i f i c a t i o n  experiment. 
The production flow w a s  ca l cu la t ed  from a n i t rogen  balance f o r  t h e  per iod  
291.4-292.2 when t h e  production flow meter was  bypassed. 
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Fig. 6 Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 289.74. The wel l s  a r e  
shown i n  r e l a t i v e  p o s i t i o n s  i n  t h e  coa l  seam. The v e r t i c a l  d i s t a n c e  s c a l e  
f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  
i n j e c t i o n  and production po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The l eng th  of t h e  arrows marking 
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Fig. 7 Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 290.60. 
shown i n  r e l a t i v e  p o s i t i o n s  i n  t h e  coa l  seam. 
f ac to r  i s  tw ice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  
i n j e c t i o n  and product ion  po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The we l l s  a r e  
The v e r t i c a l  d i s t ance  s c a l e  

The l eng th  of t h e  arrows marking 

Fig.  8 Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 291.2. The wel l s  a r e  
shown i n  r e l a t i v e  p o s i t i o n s  i n  t h e  coa l  seam. 
f a c t o r  is  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arrows marking 
i n j e c t i o n  and product ion  po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The v e r t i c a l  d i s t ance  s c a l e  
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Fig. 9 Dry gas hea t ing  va lue  during g a s i f i c a t i o n .  
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Fig.  1 0  Temperature p r o f i l e s  i n  t h e  instrument wel l s  on day 291.70. The we l l s  are 
shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. The v e r t i c a l  d i s t a n c e  s c a l e  
f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arp~ows marking 
i n j e c t i o n  and production po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  
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Fig .  11 Temperature p r o f i l e s  i n  t h e  instrument w e l l s  on day 292.94. The w e l l s  a r e  
shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. The v e r t i c a l  d i s t ance  s c a l e  
f a c t o r  is  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  
i n j e c t i o n  and product ion  po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  

The l eng th  of t h e  arrows marking 

E ‘c u 

Fig. 1 2  Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 294.94. The we l l s  a r e  
The v e r t i c a l  d i s t ance  s c a l e  shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. 

f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arrows marking 
i n j e c t i o n  and. product ion  po in t s  are p ropor t iona l  t o  t h e  flow r a t e s .  
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Fig. 13  Temperature p r o f i l e s  i n  t h e  instrument we l l s  on day 300.26. The wel l s  are 
shown i n  r e l a t i v e  pos i t i ons  i n  t h e  coa l  seam. The v e r t i c a l  d i s t ance  s c a l e  
f a c t o r  i s  twice  t h e  ho r i zon ta l  s c a l e  f a c t o r .  The l eng th  of t h e  arrows marking 
i n j e c t i o n  and production po in t s  a r e  p ropor t iona l  t o  t h e  flow r a t e s .  
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Fig. 14 Rela t ive  formation conductance between i n j e c t i o n  and production w e l l .  
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Fig.  1 5  I n t e g r a l  percent  gas recovery during g a s i f i c a t i o n .  
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Fig. 1 6  Dry gas mole f r a c t i o n s  of  N2 and CO i n  product gas .  2 
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Fig. 17 Dry gas mole fractions of H2, CO, and CH in product gas. 4 
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Fig. 18 Major gas product distribution on a mole basis. 
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Fig. 20 Energy d i s t r i b u t i o n  i n  t h e  g a s i f i c a t i o n  as a percent  of consumed coa l  energy. 
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